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Abstract—Conventional wireless information transfer by mod-
ulating the amplitude, phase or frequency leads to an inevitable
Rate-Energy (RE) trade-off in the presence of simultaneous
Wireless Power Transfer (WPT). In echoing Varshney’s seminal
concept of jointly transmitting both information and energy,
we propose the so-called Generalised Precoded Spatial Modula-
tion (GPSM) aided Integrated Wireless Information and Power
Transfer (IWIPT) concept employing a power-split receiver. The
principle of GPSM is that a particular subset of Receive Antennas
(RA) is activated and the activation pattern itself conveys useful
information. Hence, the novelty of our GPSM aided IWIPT
concept is that RA pattern-based information transfer is used in
addition to the conventional waveform-based information carried
by the classic M -ary PSK/QAM modulation. Following the Radio
Frequency (RF) to Direct Current (DC) power conversion invoked
for WPT at the power-split receiver, the non-coherent detector
simply compares the remaining received power accumulated by
each legitimate RA pattern for the sake of identifying the most
likely RA. This operation is then followed by down-conversion
and conventional Base Band (BB) M -ary PSK/QAM detection.
Both our analysis and simulations show that the RA pattern-
based information transfer represented in the Spatial Domain
(SD) exhibits a beneficial immunity to any potential power-
conversion induced performance degradation and hence improves
the overall RE trade-off when additionally the waveform-based
information transfer is also taken into account. Moreover, we
investigate the impact of realistic imperfect Channel State Infor-
mation at the Transmitter (CSIT) as well as that of the antenna
correlations encountered. Finally, the system’s asymptotic per-
formance is characterised in the context of large-scale Multiple
Input Multiple Output (MIMO) systems.
I. INTRODUCTION
1) Motivation: In thermal and statistical physics, the earli-
est and most famous thought experiment regarding information
and energy was conceived by Maxwell in 1867, which is
referred to as ”Maxwell’s Demon” [1], where the second
law of thermo-dynamics was hypothetically violated by the
bold hypothesis of information to energy conversion. This
stimulated further intriguing research in the mid-20th century
as to whether information processing itself dissipates energy,
which subsequently led to ”Landauer’s principle” [2], [3] sug-
gesting that thermo-dynamically reversible manipulations of
information in computing, measurement and communications
do not necessarily dissipate energy, since no energy is required
to perform mathematical calculations. This principle has thus
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led to further research in the area of reversible computing and
reversible electronic circuits [4]. Although elusive, a so-called
”information heat engine” was experimentally demonstrated
in [5] for showcasing information to energy conversion with
the aid of feedback control.
Despite the fact that information to energy conversion is
in its infancy, it was suggested from a fundamental perspec-
tive [6] that the currently separate treatment of information and
energy has to be challenged in the practical design of engi-
neering systems. Naturally, information is carried by attaching
itself to a physical medium, such as waves or particles. In
molecular and nano communications, information is delivered
by conveying encoded particles from the source to destina-
tion [7], [8]. Similarly, in optical communications, information
is delivered by photons having information-dependent intensi-
ties, which may be detected by a photon-counting process [9],
[10]. Given the nature of the process, the system is capable
of providing a heating/illumination/propulsion function. Both
of the above examples suggest that the underlying matter that
carries information can be effectively reused for diverse appli-
cations. The explicit concept of transporting both information
and energy simultaneously was raised by the authors of [11],
[12], [13] in the context of power-line communications, where
information is conveyed by wires that carry electricity. This
topic was recently further extended to wireless communica-
tions, since it is desirable that a mobile device is free from
being tethered in any way, as prophesied a century ago [14].
2) Background: Before delving into the topic of Simulta-
neous Wireless Information and Power Transfer (SWIPT), a
brief historical portrayal of Wireless Power Transfer (WPT)
is warranted [15]. The earliest experiments on WPT were
conducted by Tesla with the ultimate goal of creating a
worldwide wireless power distribution system [16]. In the mid-
20th century, one of the most influential projects was the
microwave-powered helicopter [17]. Similarly, the National
Aeronautics and Space Administration’s (NASA) feasibility
study of the space-solar program [18] attracted global atten-
tion. The need for small to moderate power requirements (upto
hundreds of watts) and near-field (upto a few meters) WPT
increased substantially owing to the development of electronic
devices in the late 20th century. Hence the wireless power
consortium was established for promoting the standardization
for wireless charging, known as Qi 1. WPT can be carried out
in two basic ways, namely based on either electromagnetic
1see websites: http://www.wirelesspowerconsortium.com/
induction in the form of inductive coupling and resonant
coupling relying on coils or with the aid of electromagnetic
radiation using microwave frequencies by relying on so-called
rectennas, which will be discussed in Section II-C. At the
time of writing there are already numerous WPT applica-
tions, ranging from wirelessly charged mobile phones [19] to
wirelessly powered medical implants [20] and to ’immortal’
sensor networks [21] in addition to passive Radio-frequency
IDentification (RFID) devices [22]. Furthermore, along with
successful start-up companies like WiTricity and Powercast 2,
it is thus the maturing WPT and wireless communications
fields that make the SWIPT an interesting emerging research
topic.
However, the current research of SWIPT is still in its
infancy and hence there is a paucity of literature, which
may be classified as follows. The first set of contributions
considered one-way SWIPT, where the transmitter simulta-
neously conveys both information and power to the receiver
that may be operated in two different modes [23], namely
either on a time-division basis or on a power-split basis.
To be more specific, in the time-division mode, the receiver
alternatively and opportunistically acts as an information de-
tector and power converter [24]. On the other hand, in the
power-split mode, a portion of the received power is used
for powering the receiver and the remaining received power
is used for retrieving information [25], [26]. The second set
of contributions considered two-way SWIPT. Specifically, the
authors of [27], [28] investigated the scenario, where the
transmitter conveys power to the receiver, which is converted
to Direct Current (DC) power and reused for the destination’s
information transmission in the reverse direction. This mode
of operation is similar to that of the passive RFID devices
and hence it may be referred to as being two-way half-duplex.
Distinctively, [29] investigated a two-way full-duplex opera-
tional mode, where a pair of nodes interactively communicates
and exchanges power. The final set of treatises considered a
range of energy-transfer-aided systems, such as multi-carrier
systems [30], relay-assisted systems [31], interference-limited
arrangements [32], beamforming-assisted regimes [33], [34],
multiple access [35] and unicast/multicast scenarios [36].
3) Novelty: A close inspection of the existing literature
reveals that most of the current designs are centered on the
information transfer strategy in the presence of power transfer,
while satisfying a specific received energy constraint. It would
be however more beneficial to aim for the full ”integration” of
information and power transfer as the ultimate objective in the
spirit of Varshney’s concept [12], who proposed that energy
and information transfer should be innately inter-linked.
To be more explicit, in one-way SWIPT equipped with a
power-split receiver 3, an inevitable Rate-Energy (RE) trade-
off has to be obeyed, which simply suggests that the more
power is transferred for powering the receiver, the lower the
communications rate becomes. This observation is intuitive,
since from an information theoretic point of view, less power
is left for information transfer, which inevitably leads to a
2see websites: http://www.witricity.com/ and http://www.powercastco.com/
3The time-division receiver is conceptually simple but it has been shown
to be sub-optimum [12]. Hence it is not considered in this paper.
reduced information rate. Naturally, having a reduced power
for information transfer implies that the information becomes
more prone to errors. One of the fundamental reasons for the
RE trade-off is that information is conventionally transferred
by modulating the amplitude, phase or frequency, which are
naturally subjected to channel-induced distortion, noise and
power-splitting. In order to eliminate these impediments, we
propose a completely different modulation type for Integrated
Wireless Information and Power Transfer (IWIPT), where
information is carried not by waveforms but by patterns.
Explicitly, a multi-antenna aided system is conceived for
IWIPT, where the specific Receive Antenna (RA) patterns
are used for conveying information, while simultaneously
transferring power.
• We achieve this with the aid of our recently pro-
posed Generalised Pre-coding aided Spatial Modulation
(GPSM) scheme [37], where information is conveyed by
appropriately selecting the RA indices for information
transfer in addition to the information carried by the
conventional M -ary PSK/QAM modulation 4.
• We show that the RA pattern-based information trans-
fer represented in the Spatial Domain (SD) exhibits
a beneficial immunity to any performance degradation
imposed by the Radio Frequency (RF) to DC power
conversion in a power-split receiver and that our GPSM
scheme is capable of improving the overall RE trade-
off, when additionally the waveform-based information
transfer represented in the classic time domain is also
taken into account.
4) Organisation: The rest of our paper is organised as
follows. In Section II, we introduce the underlying concept as
well as the transceiver architecture of the GPSM aided IWIPT
system employing a power-split receiver. This is followed
by our analytical study in Section III, where we demon-
strate that the proposed RA pattern-based information transfer
represented in the SD exhibits a beneficial immunity to RF
to DC power conversion induced performance erosion. We
then continue by charactering the RE trade-off of the overall
system. Our simulation results are provided in Section IV,
while we conclude in Section V.
II. SYSTEM MODEL
Our proposed GPSM aided IWIPT system relies on the
availability of Channel State Information at the Transmitter
(CSIT) for supporting Transmitter Pre-Coding (TPC). This
scenario has been widely considered in the SWIPT litera-
ture [23], [27], [32], [33], [34], since it is desirable to shift
most/all signal processing demands from the less powerful
Down-Link (DL) receiver that may be passive or semi-passive
to the more powerful DL transmitter that may have access to
the mains power.
A. Conceptual Description
Consider a Multiple Input Multiple Output (MIMO) system
equipped with Nt Transmit Antennas (TA) andNr RAs, where
4Spatial Modulation [38], [39] conveys extra information by appropriately
selecting the transmit antenna indices, but our GPSM scheme conveys extra
information by appropriately selecting the receive antenna indices [37].
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Fig. 1. Transceiver architecture of GPSM aided IWIPT. For exam-
ple, activating Na = 2 RAs out of Nr = 4 RAs results in a total
of |Ct| = 6 legitimate activation patterns, i.e. the patterns of Ct =
{[1, 2], [1, 3], [1, 4], [2, 3], [2, 4], [3, 4]}. This configuration delivers kant =
2 bits of information because ⌊log
2
(|6|)⌋ = 2. Upon selecting for example
C = {Ct(1), Ct(2), Ct(3), Ct(4)}, we have the following mapping between
the SD symbol and the activation patterns k = 1 7→ C(1) = [1, 2], k = 2 7→
C(2) = [1, 3], k = 3 7→ C(5) = [1, 4] and k = 4 7→ C(6) = [2, 3].
we assume Nt ≥ Nr. In this MIMO set-up, a maximum
of Nr = min(Nt, Nr) parallel data streams may be sup-
ported by conventional waveform-based information transfer,
conveying a total of keff = Nrkmod bits altogether, where
kmod = log2(M) denotes the number of bits per symbol of
a conventional M -ary PSK/QAM scheme and its alphabet is
denoted by A. The TPC matrix of P ∈ CNt×Nr may be used
for pro-actively mitigating the Inter-Channel Interference (ICI)
at the transmitter by pre-processing the source signal before
its transmission upon exploiting the knowledge of the CSIT.
As a benefit, a low-complexity single-stream detection scheme
may be used by the receiver, because the ICI is eliminated at
the transmitter.
In contrast to the above-mentioned classic waveform-based
multiplexing of Nr data streams, in our GPSM scheme a total
of Na < Nr RAs are activated so as to facilitate the simulta-
neous transmission of Na data streams, where the particular
pattern of the Na RAs activated conveys information in form
of so-called SD symbols in addition to the information carried
by the conventional M -ary PSK/QAM modulated symbols as
seen in Fig 1 5. Hence, the number of bits in GPSM conveyed
by a SD symbol becomes kant = ⌊log2(|Ct|)⌋, where the set Ct
contains all the combinations associated with choosing Na ac-
tivated RAs out ofNr RAs. As a result, the total number of bits
transmitted by the GPSM scheme is keff = kant+Nakmod. To
assist our further discussions, let us define the set of selected
activation patterns as C ⊂ Ct. We also let C(k) and C(k, i)
denote the kth RA activation pattern and the ith activated RA
in the kth activation pattern, respectively. Finally, it is plausible
that the conventional MIMO scheme using purely waveform-
based information transfer obeys Na = Nr.
B. IWIPT Transmitter
More specifically, let skm be an explicit representation of
a so-called super-symbol s ∈ CNr×1, indicating that the RA
pattern k is activated and Na conventional modulated symbols
bm = [bm1 , . . . , bmNa ]
T ∈ CNa×1 are transmitted, where we
have bmi ∈ A and E[|bmi |
2] = 1, ∀i ∈ [1, Na]. In other words,
5Note that in our GPSM scheme, it is not necessary to convey any additional
information by a conventional M -ary PSK/QAM scheme, we may consider
a pure spatial modulation-aided system.
we have the relationship
skm = Ωkbm, (1)
where Ωk = I [:, C(k)] is constituted by the specifically
selected columns determined by C(k) of an identity matrix of
INr . Following TPC, the resultant transmit signal x ∈ C
Nt×1
may be written as
x =
√
βs/NaPs
k
m. (2)
In order to avoid any power fluctuation during the pre-
processing, we introduce the scaling factor of βs designed for
maintaining the power-constraint of ||x||2 = 1. As a natural
requirement, the TPC matrix has to ensure that no energy leaks
into the RA-elements of the unintended RA patterns. Hence,
the classic linear Channel Inversion (CI)-based TPC [40], [41]
may be used, which is formulated as
P =HH(HHH)−1, (3)
where H ∈ CNr×Nt represents the MIMO channel involved.
We assume furthermore that each entry of H undergoes
frequency-flat Rayleigh fading and it is uncorrelated between
different super-symbol transmissions, while remains constant
within the duration of a super-symbol’s transmission. The
power-normalisation factor of the output power after pre-
processing is given by
βs = Na/s
H(HHH)−1s. (4)
The Base Band (BB) signal x is then up converted to xRF
and sent through Nt TAs.
C. IWIPT Receiver
1) Architecture: The power-split receiver of Fig 1 is em-
ployed [23], where we have a power transfer tunnel and
information transfer tunnel. As seen from Fig 1, the received
signal will be first subject to power conversion at each RA
using a power-splitting ratio of ρ ∈ (0, 1) at the RF stage,
where the power transfer tunnel consists of a rectifier used
for converting the received RF power to DC power, which is
followed by a (multi-stage) DC to DC booster. Note that from
a pure WPT point of view, the RAs, the rectifier and the DC-
booster are jointly known as a rectenna. After power-splitting,
the remaining signal power will be used for information
transfer, which relies on determining the SD symbol for RA
pattern-based information transfer at the RF-stage and on
detecting the conventional modulated symbols for waveform-
based information transfer at the BB-stage. Note that an
additional benefit of our GPSM scheme is that a reduced
number of RF to BB conversion chains are required.
2) Power Conversion: The RF signal observed at the Nr
RAs may be written as
rRF =HxRF +wRFa , (5)
where wRFa is the RF receiver’s noise. The equivalent BB
representation of the noise wa ∈ CNr×1 may be modelled by
a circularly symmetric complex-valued Gaussian noise vector
with each entry having a zero mean and a variance of σ2a, i.e.
we have E[||wa||2] = σ2aNr.
At the RF-stage of Fig 1, a portion ρ of the received power
is converted to DC, where the average energy transferred by
the transmitter per unit time and gleaned from all the Nr RAs
is represented as
Q = ξE
[
ρ
Nr∑
i=1
|r˜RFi |
2
]
, (6)
where r˜RF =HxRF is the noiseless part of rRF , representing
the power transferred by the transmitter, while the additive
noise of wRFa in (5) is not transferred by the transmitter, it
is imposed by the RF receiver. For the time being, designing
adaptive RA specific power-splitting ratios ρi, i ∈ [1, Nr] is
set aside for our future investigations and we also set the RF
to DC conversion efficiency to ξ = 1 in this paper.
3) RA Pattern-based Information Transfer: After RF to DC
power conversion of each RA at a ratio of ρ, the remaining
RF signal observed at the Nr RAs invoked for information
transfer may be written as
yRFa =
√
1− ρ
(
HxRF +wRFa
)
, (7)
where the SD symbol may be determined by simply sorting
the remaining received power accumulated by each legitimate
RA pattern, which is mathematically represented as
kˆ = arg max
ℓ∈[1,|C|]
{
Na∑
i=1
|yRFa,C(ℓ,i)|
2
}
. (8)
Thus, correct detection is declared when we have kˆ = k. We
will later show that the factor (1 − ρ) does not affect the de-
tection of SD symbols and our RA pattern-based information
transfer exhibits a beneficial immunity to power conversion.
4) Waveform-based Information Transfer: After determin-
ing the RA pattern using the non-coherent detection process
of (8), we proceed with the conventional waveform-based
information transfer. After RF to BB down conversion, the
BB signal may be written as
yb =
√
1− ρ
(√
βs/NaHPs
k
m +wa
)
+wb, (9)
where wb ∈ CNr×1 is the down-conversion induced noise,
which is modelled similarly to the RF receiver’s noise wa,
but with a variance of σ2b . We also let σ
2
a = ασ
2 and σ2b =
(1−α)σ2, where σ2 represents the total noise variance at the
power-split receiver of Fig 1.
Assuming that the vi = C(k, i)th RA is activated, the
Signal-to-Interference-plus-Noise-Ratio (SINR) γvi of the
conventional modulated symbols after power conversion is
given by
γvi =
||hvipvi ||
2
[σ2a + σ
2
b/(1− ρ)]Na/βs
, (10)
where hvi is the vith row of H representing the channel
between the vith RA and the transmitter, while pvi is the vith
column of P representing the vith TPC vector.
As a subsequent stage after the RA pattern determination,
the detection of conventional modulated symbols is formulated
as
mˆi = arg min
ni∈[1,M ]

|yb,vˆi −
√
(1− ρ)β
Na
hvˆipvˆibni |
2

 , (11)
where vˆi = C(kˆ, i). Thus, correct detection is declared, when
we have mˆi = mi, ∀i.
III. SYSTEM ANALYSIS
In this section, we will first show that the RA pattern-based
information transfer of (8) is immune to power conversion,
since the Symbol Error Ratio (SER) of the SD symbols
remains the same as in the absence of power transfer. This
is then followed by our RE trade-off analysis of the overall
GPSM scheme, which is constituted by both the SD symbol
used for RA pattern-based information transfer and by the
conventional modulated symbols employed for waveform-
based information transfer.
A. Analytical SER of RA Pattern-based Information Transfer
We commence our discussion by directly stating:
Lemma III.1. The RA pattern-based information transfer of
(8) is immune to the power conversion operation of (6) for
ρ ∈ (0, 1).
Proof: Firstly we note that (8) relies on the principle of
energy detection. Hence our analysis may be performed using
the equivalent BB representation of (7), as suggested in [42],
which is represented as
ya =
√
1− ρ
(√
βs/NaHPs
k
m +wa
)
. (12)
Hence (8) becomes
kˆ = arg max
ℓ∈[1,|C|]
{
Na∑
i=1
|ya,C(ℓ,i)|
2
}
. (13)
Given the values of Nr as well as Na and assuming that the
RA pattern C(k) was activated, after substituting (3) into (12),
we have:
ya,vi =
√
(1− ρ)
(√
βs/Nabmi + wa,vi
)
,∀vi ∈ C(k), (14)
ya,ui =
√
(1− ρ)wa,ui , ∀ui ∈ C¯(k), (15)
where C¯(k) denotes the complementary set of the activated RA
pattern C(k) in C. Furthermore, upon introducing σ2a,0 = σ
2
a/2,
we have:
|ya,vi |
2 = R(ya,vi)
2 + I(ya,vi)
2
∼ N
[√
(1− ρ)βs/NaR(bmi), (1 − ρ)σ
2
a,0
]
+N
[√
(1− ρ)βs/NaI(bmi), (1− ρ)σ
2
a,0
]
, (16)
|ya,ui |
2 = R(wa,ui )
2 + I(wa,ui)
2
∼ N
[
0, (1− ρ)σ2a,0
]
+N
[
0, (1− ρ)σ2a,0
]
, (17)
where R(·) and I(·) represent the real and imaginary opera-
tors, respectively. As a result, by normalisation with respect
to (1− ρ)σ2a,0, we have the following observations:
|ya,vi |
2 ∼ χ22(g;λvi), ∀vi ∈ C(k), (18)
|ya,ui |
2 ∼ χ22(g), ∀ui ∈ C¯(k), (19)
where the non-centrality parameter is given by
λvi = βs|bmi |
2/Naσ
2
a,0. (20)
Exploiting the fact that E[|bmi |
2] = 1, ∀i or |bmi |
2 = 1, ∀i for
PSK modulation, we have
λ = λvi = βs/Naσ
2
a,0, ∀vi (21)
Note that λ is also a random variable obeying the distribution
of fλ(λ), whose analytical expression will be given in Lemma
III.2.
Recall from (13) that the correct decision concerning the
SD symbol occurs, when
∑Na
i=1 |ya,vi |
2 is the maximum.
Since the non-centrality parameter given by (20) is not a
function of ρ, power conversion operation does not affect
the quantity of
∑Na
i=1 |ya,vi |
2. Hence, it becomes explicit that
the power-splitting ratio ρ does not affect the SER esant of
the SD symbol of our GPSM scheme for RA pattern-based
information transfer expressed in Lemma III.3.
Lemma III.2. (Proof see Appendix C of [43]) The distribution
fλ(λ) of the non-centrality parameter λ is given by:
fλ(λ) =
NNt−Nr+1a σ
2
a/2
(Nt −Nr)!
e−λNaσ
2
a
/2(λσ2a/2)
Nt−Nr . (22)
Lemma III.3. (Proof see Theorem III.1 of [43]) The analytical
SER esant of the SD symbol of our GPSM scheme relying on
CI TPC may be formulated as:
esant ≈ 1−
∫ ∞
0
{∫ ∞
0
[Fχ2
2
(g)]Nr−Nafχ2
2
(g;λ)dg
}Na
fλ(λ)dλ,
(23)
where Fχ2
2
(g) represents the Cumulative Distribution Function
(CDF) of a chi-square distribution having two degrees of
freedom, while fχ2
2
(g;λ) represents the Probability Distribu-
tion Function (PDF) of a non-central chi-square distribution
having two degrees of freedom and non-centrality given by λ
with its PDF of fλ(λ).
B. Analytical SER of Waveform-based Information Transfer
We first introduce the SER esmod of the conventional mod-
ulated symbols bmi ∈ A for waveform-based information
transfer in the absence of SD symbol errors. For a specific
activated RA pattern in C(k), the SINR of (10) becomes
γ = γvi = βs/Na[σ
2
a + σ
2
b/(1− ρ)], ∀vi (24)
and for the remaining deactivated RAs in C¯(k) we have only
random noise contributions of zero mean and of a variance of
(1 − ρ)σ2a + σ
2
b . Thus the SER e
s
mod may be upper bounded
by [44]:
esmod ≤ Nmin
∫ ∞
0
Q
(
dmin
√
γ/2
)
fγ(γ)dγ, (25)
where fγ(γ) is a scaled version of fλ(λ) given in Lemma
III.2, i.e. we have fγ(γ) = κfλ(κγ), where
κ = 2[σ2a + σ
2
b/(1− ρ)]/σ
2
a. (26)
Moreover, dmin is the minimum Euclidean distance in the
conventional modulated symbol constellation, Nmin is the
average number of the nearest neighbours separated by dmin
in the constellation and Q(·) denotes the Gaussian Q-function.
We then introduce e˜smod for representing the SER of the
conventional modulated symbols in the presence of SD symbol
errors due to the detection of (8), which is formally given by
Lemma III.4. (Proof see Appendix A of [43]) Given the kth
activated RA patten, the SER of the conventional modulated
symbols for waveform-based information transfer in the pres-
ence of SD symbol errors can be calculated as:
e˜smod = (1− e
s
ant)e
s
mod +
esant
(2kant − 1)
∑
ℓ 6=k
Nce
s
mod +Nde
s
o
Na︸ ︷︷ ︸
B
,
(27)
where Nc and Nd = (Na − Nc) represent the number of
RAs that are common and different between C(ℓ) and C(k),
respectively. Mathematically we have:
Nc =
Na∑
i=1
I [C(ℓ, i) ∈ C(k)] . (28)
Moreover, eso is defined as the modulation-type-dependent SER.
Finally, when CI based TPC is introduced, only random
noise may be received by the Nd RAs in C(ℓ), thus eso simply
represents the SER of the conventional modulated symbols as
a result of a random guess. For example, for QPSK, we have
eso = 3/4. Note that, when the SER of the SD symbols e
s
ant
is small, we have e˜smod ≈ e
s
mod.
C. Rate Energy Trade-off
1) DCMC Capacity Expression: The RE trade-off may be
formulated using the power conversion of (6) and compar-
ing it directly against the Discrete-input Continuous-output
Memoryless Channel (DCMC) capacity of our GPSM scheme.
This is because in our GPSM scheme the SD symbols convey
integer values constituted by the RA pattern index, which does
not obey the shaping requirements of Gaussian signalling [45].
Hence, for simplicity’s sake, we discuss the DCMC capacity of
our GPSM scheme in the context of discrete-input signalling
for both the SD symbol and for the conventional modulated
symbols mapped to it.
The Mutual Information per Bit (MIB) I(z; zˆ) of our GPSM
scheme measured between the input bits z ∈ [0, 1] and the
corresponding demodulated output bits zˆ ∈ [0, 1] is given by:
I(z; zˆ) = −
∑
z
Pz logPz −
∑
zˆ
Pzˆ
[∑
z
Pz|zˆ logPz|zˆ
]
= 1 + ebeff log e
b
eff + (1− e
b
eff ) log(1− e
b
eff ), (29)
where Pz is the Probability Mass Function (PMF) of z, where
we adopt the common assumption of equi-probability bits of
Pz=0 = Pz=1 = 1/2. On the other hand, the conditional
entropy, representing the average uncertainty about z after
observing zˆ, is a function of the average Bit Error Ratio (BER)
of our GPSM scheme, denoted as ebeff . As a result, the so-
called DCMC capacity becomes
R = keff I(z; zˆ). (30)
2) Average BER Expression: Let us now discuss the expres-
sion of ebeff for the sake of calculating (29) and (30), which
may be derived from its accurate SER expression of both
the SD symbol for the RA pattern-based information transfer
given in (23) and for the conventional modulated symbols for
waveform-based information transfer given in (27).
Let ebant and e˜
b
mod represent the BER of the SD symbol for
RA pattern-based information transfer and of the conventional
modulated symbols for waveform-based information transfer.
Hence, the accurate expression of the average BER of our
GPSM scheme may be written as:
ebeff = (kante
b
ant +Nakmode˜
b
mod)/keff
= (δante
s
ant +Nae˜
s
mod)/keff , (31)
where the second equation of (31) obeys from the relationship
of
e˜bmod = e˜
s
mod/kmod, (32)
ebant = δkante
s
ant/kant, (33)
where we formulate Lemma III.5 for the expression of δkant
acting as a correction factor in (31).
Lemma III.5. (Proof see Appendix B of [43]) The generic
expression of the correction factor δkant for kant bits of
information is given by:
δkant = δkant−1 +
2kant−1 − δkant−1
2kant − 1
, (34)
where given δ0 = 0, we can recursively determine δkant .
D. Further Discussions
1) Robustness: The above RE trade-off is based on the
assumption of having perfect CSIT. Let us now consider the
system’s robustness to both CSIT-errors and antenna correla-
tions, where the expression ebeff of our GPSM scheme will
be determined empirically for calculating (29) and (30).
Like in all TPC schemes, an important related aspect is
its resilience to CSIT inaccuracies. In this paper, we let
H = H t +H e, where H t represents the matrix hosting the
average CSI, with each entry obeying the complex Gaussian
distribution of ht ∼ CN (0, σ
2
t ) and H e is the instantaneous
CSI error matrix obeying the complex Gaussian distribution of
he ∼ CN (0, σ2e), where we have σ
2
t+σ
2
e = 1. As a result, only
H t is available at the transmitter for pre-processing. There is
a plethora of CSIT inaccuracy counter-measures conceived for
general transmitter pre-coding schemes in the literature [46],
[47], but they are beyond the scope of our discussions in this
paper.
Another practical phenomenon is the presence of correlation
amongst the signals at the transmit and receive antennas.
The correlated MIMO channel is modelled by the widely-
used Kronecker model [48], which is formulated as H =
(R
1/2
t )G(R
1/2
r )T , with G representing the original MIMO
channel imposing no correlation, while Rt and Rr represents
the correlations at the transmitter and receiver side, respec-
tively, with the correlation entries given by Rt(i, j) = ρ
|i−j|
t
and Rr(i, j) = ρ
|i−j|
r .
2) Asymptotic Insights: It is also interesting to investigate
the impact of power conversion on both the MIB as well as on
the DCMC capacity of our GPSM scheme and to contrast it to
that of the conventional CI pre-coding based MIMO scheme
for large-scale MIMO settings of Nt →∞, Nr →∞ and for
a fixed system load ratio of Nr/Nt.
In order to provide these asymptotic insights for these large-
scale MIMO settings, we have to replace the constraint of
||x||2 = 1 with its relaxed version of E[||x||2] = 1. Hence
instead of (4), we have the relaxed normalisation factor of
βl = Nr/Tr[(HH
H)−1]. (35)
As shown in Corollary 4 of [49] and also in Chapter 14 of [50],
under asymptotic settings, (35) tends to
βl 7−→ (Nt/Nr − 1). (36)
By exploiting (36) and by replacing (4) with (35) in the ex-
pressions of (21) and (24), we have the following deterministic
quantity
λ 7−→ λd = (Nt/Nr − 1)/Naσ
2
a,0, (37)
γ 7−→ γd = (Nt/Nr − 1)/Na[σ
2
a + σ
2
b/(1− ρ)]. (38)
As a result, we have
esant,d = 1−
{∫ ∞
0
[Fχ2
2
(g)]Nr−Nafχ2
2
(g;λd)dg
}Na
, (39)
esmod,d = NminQ
(
dmin
√
γd/2
)
. (40)
Noting that when esant,d is small, we arrive at the approxi-
mation e˜smod,d ≈ e
s
mod,d as suggested by (27), thus we may
obtain ebeff,d by replacing e
s
ant and e˜
s
mod in (31) with their
deterministic expressions in (39) and (40). Finally, by inserting
ebeff,d in (29) and (30) instead of e
b
eff , we arrive at the MIB
and DCMC capacity for both our GPSM scheme as well
as for the conventional CI pre-coding based MIMO scheme
(Na = Nr) under the asymptotic settings of Nt → ∞ and
Nr →∞.
IV. NUMERICAL RESULTS
Let us now consider our numerical results for characterizing
the GPSM aided IWIPT for both RA pattern-based information
transfer and for waveform-based information transfer relying
TABLE I
MAXIMUM ACHIEVABLE THROUGHPUT keff OF GPSM AND OF THE
CONVENTIONALMIMO CORRESPONDING TO Na = Nr (IN •) UNDER
SETTINGS OF {Nt, Nr} = {16, 8} AND EMPLOYING QPSK MODULATION
M = 2, WHERE keff = kant +Nakmod FOR GPSM AND
keff = Nrkmod FOR CONVENTIONALMIMO.
Nt Nr Na M keff
16 8 1 2 5 = 3+1×2
16 8 2 2 8 = 4+2×2
16 8 3 2 11 = 5+3×2
16 8 4 2 14 = 6+4×2
16 8 5 2 15 = 5+5×2
16 8 6 2 16 = 4+6×2
•16 8 8 2 16 = 0+8×2
on the CI-based precoding of (3) under {Nt, Nr} = {16, 8}.
Since our focus is on RA pattern-based information transfer,
simple QPSK was used for the conventional data modula-
tion component of our waveform-based information trans-
fer. Furthermore, we investigate the scenarios correspond to
Na = [1, . . . , 6] in our GPSM scheme since the setting of
Na = 7 results into higher complexity than the conventional
CI pre-coding based MIMO bench-maker as discussed in [37].
Maximum achievable throughput under MIMO settings of
{Nt, Nr} = {16, 8} and employing QPSK modulation is
shown in Table I, which may be used to compare our DCMC
capacity related investigations. Finally, the Signal-to-Noise-
Ratio (SNR) per bit is defined as SNRb = 1/σ
2(keff/Na).
A. Investigation on Error Probability
Fig 2 shows the spatial SER (upper) as well as the GPSM
scheme’s overall BER (lower) under the power-normalisation
factor of (4) for {Nt, Nr} = {16, 8}. Without loss of gener-
ality, we set the power-splitting ratio to ρ = 0 and the noise
ratio to α = 1.
Observe in the upper subplot of Fig 2 that our empirical
simulation based SER results recorded for the SD symbol of
the RA pattern-based information transfer accurately match
the analytical results given in (23) and form tight upper
bounds. Similarly, when the GPSM scheme’s overall BER is
considered in the lower subplot of both figures, our empirical
results accurately match the analytical results given in (31).
Fig 3 shows the GPSM scheme’s overall BER under the
power-normalisation factor of (4) for {Nt, Nr} = {16, 8},
where we set the power-splitting ratio to ρ = 0.5 and the
noise ratio to α = 0.4. As suggested by (24), the total noise at
the BB for waveform-based information transfer now becomes
1.6 times that with no WPT. Hence, we may expect to see a
BER performance degradation of 10 log10(1.6) ≈ 2dB. This is
clearly demonstrated in Fig 3 at BER of 10−5, which implies
that the RA pattern-based information transfer in our GPSM
scheme is immune to the RF to DC power conversion induced
performance erosion as otherwise the performance degradation
would be more than 2dB.
B. Investigation on MIB
1) Immunity to Power Conversion: Fig 4 investigates the
MIB versus energy trade-off of purely RA pattern-based in-
formation transfer for {Nt, Nr} = {16, 8} and SNRb = 0dB,
−10 −9 −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5
10−4
10−2
100
SNRb [dB]
Sp
at
ia
l S
ER
 
 
N
a
 = 1
N
a
 = 2
N
a
 = 3
N
a
 = 4
−10 −9 −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5
10−4
10−2
100
SNRb [dB]
G
PS
M
 B
ER
 
 
N
a
 = 5
N
a
 = 6
analytical
Fig. 2. Spatial SER of (23) (upper) and GPSM overall BER of (31)
(lower) using CI based TPC and a power-normalisation factor of (4) under
{Nt, Nr} = {16, 8}, where we set the power-splitting ratio to ρ = 0 and
the noise ratio to α = 1.
−10 −8 −6 −4 −2 0 2 4 6 8 10 12 14
10−5
10−4
10−3
10−2
10−1
100
SNRb [dB]
BE
R
 
 
with WPT
no WPT
N
a
 = 1
N
a
 = 2
N
a
 = 4
N
a
 = 6
N
a
 = 8
Fig. 3. BER of conventional CI pre-coding based MIMO bench-maker as
well as GPSM using CI based TPC and a power-normalisation factor of (4)
under {Nt, Nr} = {16, 8}, where we set the power-splitting ratio to ρ = 0.5
and the noise ratio to α = 0.4.
where we set α = 0.4 in the left subplot and α = 0.6 in the
right subplot. The results of MIB were evaluated from (29).
Observe from both subplots of Fig 4 that for all values of
Na, apart from setting ρ = 1, where the receiver acts purely
as a WPT and the normalised converted energy is unity, the
remaining settings of the power-splitting ratio ρ do not affect
the MIB of the SD symbols in our GPSM scheme, as suggested
by the horizontal lines. More explicitly, for all values of Na
seen in Fig 4, the MIB of SD symbols vs the power conversion
ratio of ρ ∈ [0, 0.1, . . . , 0.9] remains identical to that under
ρ = 0. This implies that the RA pattern-based information
transfer relying on SD symbols operates as if no WPT was
provided, which justifies our Lemma III.1. Furthermore, by
comparing the left and right subplot of Fig 4, it can be seen that
the MIB of SD symbols becomes lower, when an increased
RF receiver noise is encountered in conjunction with α = 0.6.
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Fig. 4. MIB versus energy trade-off curve of RA pattern-based information
transfer under {Nt, Nr} = {16, 8} and SNRb = 0dB with α = 0.4 (left)
and α = 0.6 (right). The MIB results were evaluated from (29).
Note that our RA pattern-based information transfer is immune
to power conversion, but naturally not to the RF receiver noise.
2) MIB versus Energy Trade-off: Fig 5 investigates the MIB
versus energy trade-off of our GPSM aided IWIPT system
supporting both RA pattern-based information transfer and
waveform-based information transfer for {Nt, Nr} = {16, 8}
and SNRb = 0dB, where we set α = 0.4 in the left subplot
and α = 0.6 in the right subplot. The results of MIB were
evaluated from (29).
Observe from both subplots of Fig 5 that the near-constant
MIB curves of our GPSM schemes shown in Fig 4 can no
longer be maintained upon increasing the number of activated
RAs, although they exhibit a less eroded MIB than the
conventional CI pre-coding based MIMO scheme associated
with Na = 8 relying on pure waveform-based information
transfer. This is because when waveform-based information
transfer is also invoked, the resultant MIB of our GPSM
scheme becomes more sensitive to the power conversion ratio
than the purely RA pattern-based information transfer. This
is evidenced in Fig 5, where the higher the value of Na, the
more conventional modulated symbols are conveyed. When
comparing the left subplot to the right subplot, the MIB of our
GPSM scheme appears more sensitive to the value of α. In
other words, when the RF receiver’s noise is more dominant
(α = 0.6), the MIB of our GPSM schemes is reduced. On
the other hand, the conventional CI pre-coding based MIMO
scheme is less sensitive to the value of α.
C. Investigation on DCMC Capacity
1) DCMC Capacity versus Energy Trade-off: Fig 6 inves-
tigates the DCMC capacity versus energy trade-off of our
GPSM aided IWIPT system, where the rest of the settings
were kept the same as in Fig 5. We can see that although Fig
5 suggests that the MIB of our GPSM schemes is higher than
that of the conventional CI pre-coding based MIMO scheme
for all power-splitting ratios for all values of Na, when the
DCMC capacity is considered in Fig 6, the GPSM curves
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Fig. 5. MIB versus energy trade-off curve of our GPSM aided IWIPT system
relying on both RA pattern-based information transfer and on waveform-based
information transfer under {Nt, Nr} = {16, 8} and SNRb = 0dB using
α = 0.4 (left) and α = 0.6 (right). The MIB results were evaluated from
(29).
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Fig. 6. DCMC capacity versus energy trade-off curve of our GPSM
aided IWIPT system relying on both RA pattern-based information transfer
and waveform-based information transfer under {Nt, Nr} = {16, 8} and
SNRb = 0dB for α = 0.4 (left) and α = 0.6 (right). The DCMC capacity
results were evaluated from (30) and these DCMC capacity results may be
compared to the maximum achievable throughput values listed in Table I.
associated with Na = 1 and Na = 2 exhibit intersections
with the curve of the conventional CI pre-coding based MIMO
scheme. By contrast, the GPSM schemes using Na ≤ 3 offer
a DCMC capacity, which is higher than that exhibited by the
conventional CI pre-coding based MIMO scheme. Finally, all
of our GPSM schemes exhibit a higher degree of immunity to
power conversion than the conventional CI pre-coding based
MIMO scheme.
2) DCMC Capacity versus SNRb: It is thus interesting to
observe in detail the behaviour of our GPSM scheme associ-
ated with Na = 1 and Na = 2. Fig 7 compares the DCMC
capacity versus SNR per bit curve of the conventional CI pre-
coding based MIMO scheme relying on Na = 8 to our GPSM
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Fig. 7. DCMC capacity versus SNR per bit curve of our GPSM aided
IWIPT system relying on both RA pattern-based information transfer and
waveform-based information transfer under {Nt, Nr} = {16, 8} with α =
0.4 (left) and α = 0.6 (right). For each group of curves (circle, square
and no legend), the curves spanning from top to bottom correspond to ρ =
0.2, 0.4, 0.6, 0.8 in both plots. The DCMC capacity results were evaluated
from (30) and these DCMC capacity results may be compared to the maximum
achievable throughput values listed in Table I.
schemes associated with Na = 1 and Na = 2 supporting both
RA pattern-based information transfer and waveform-based
information transfer under {Nt, Nr} = {16, 8} using α = 0.4
(left) and α = 0.6 (right). Observe for each group of curves
(circle Na = 1, square Na = 2 and no legend Na = 8) in both
subplots of Fig 7 that the curves spanning from top to bottom
correspond to power-splitting ratios of ρ = 0.2, 0.4, 0.6, 0.8.
In can also be seen in Fig 7 that our GPSM schemes using
Na = 1 and Na = 2 offer a higher DCMC capacity than that
facilitated by the conventional CI pre-coding based MIMO
scheme of Na = 8 in the low SNRb range. Furthermore,
observe in both subplots of Fig 7 that the DCMC capacity
curves of our GPSM schemes using Na = 1 and Na = 2 are
only slightly affected upon increasing the power-splitting ratio
ρ, while we observe a dramatic difference in the DCMC ca-
pacity curves of the conventional CI pre-coding based MIMO
scheme of Na = 8. Thus, our GPSM schemes using Na = 1
and Na = 2 is significantly more immune to the performance
erosion of power conversion for a wide range of SNRb values.
D. Further Investigations
1) Robustness Investigation: Fig 8 investigates the DCMC
capacity versus energy trade-off curves of our GPSM aided
IWIPT system under {Nt, Nr} = {16, 8} and SNRb = 0dB
using α = 0.4 and suffering from imperfect CSIT associated
with a variance of σe = 0.2 (left) or when experiencing an
antenna correlation associated with ρt = ρr = 0.4 (right).
For reasons of space-economy and to avoid crowded figures,
only the results of Na = {2, 4, 6, 8} are shown here. Observe
from both subplots of Fig 8 that as expected, a DCMC capacity
degradation is imposed both on our GPSM schemes and on the
conventional CI pre-coding based MIMO scheme of Na = 8.
Nonetheless, our previous conclusions still hold, namely that
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Fig. 8. DCMC capacity versus energy trade-off curve for our GPSM
aided IWIPT system relying on both RA pattern-based information transfer
and waveform-based information transfer under {Nt, Nr} = {16, 8} and
SNRb = 0dB with α = 0.4 suffering from imperfect CSIT having
a variance of σe = 0.2 (left) and antenna correlation associated with
ρt = ρr = 0.4 (right). The DCMC capacity results were evaluated from
(30) and these DCMC capacity results may be compared to the maximum
achievable throughput values listed in Table I.
our GPSM scheme is more immune to any power conversion
induced performance erosion, which is an explicit benefit of
our RA pattern-based information transfer, as evidenced in Fig
8.
2) Asymptotic Investigation: Fig 9 characterizes the impact
of power conversion both on the MIB (left) and on the DCMC
capacity (right) for our GPSM scheme associated with Na = 1
and Na = 2 as well as for the conventional CI pre-coding
based MIMO scheme using Na = Nr under asymptotic
settings of Nt = 2048 and Nr ∈ [64, 2046]. Furthermore,
SNRb = 0dB and α = 0.4 were set in Fig 9. For each group
of curves (Na = 1, Na = 2 and Na = Nr) seen in both
subplots of Fig 9, the curves spanning from top to bottom
correspond to ρ = 0.2, 0.4, 0.6, 0.8.
It can be seen from the left subplot of Fig 9 that for all
values of Nr/Nt, the MIB of both of our GPSM schemes
is higher than that of the conventional CI pre-coding based
MIMO scheme. Furthermore, the common MIB trend for all
schemes is monotonically decreasing upon increasing Nr/Nt.
However, we observe in the right subplot of Fig 9 that upon
increasing Nr/Nt, the DCMC capacity of the conventional CI
pre-coding based MIMO scheme is monotonically decreasing,
while the best value of Nr/Nt may be deemed to be the one
that attains the highest DCMC capacity in our GPSM schemes.
Specifically, the DCMC capacity of the conventional CI pre-
coding based MIMO scheme of Na = Nr is seen to be higher
than that of our GPSM schemes for small values of Nr/Nt.
Furthermore, our GPSM arrangement using Nr = 2 provides
a higher DCMC capacity than the GPSM scheme relying on
Nr = 1, when Nr/Nt is lower than about 0.5, but this trend
is reversed otherwise.
Finally, a substantial DCMC capacity penalty is observed
for the conventional CI pre-coding based MIMO regime of
Na = Nr upon increasing the power-splitting ratio according
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Fig. 9. The impact of power conversion on the MIB (left) and DCMC
capacity (right) of both our GPSM scheme usingNa = 1 andNa = 2 as well
as the conventional CI pre-coding based MIMO scheme of Na = Nr under
the asymptotic settings of Nt = 2048 and Nr ∈ [64, 2046]. Furthermore,
we set SNRb = 0dB and α = 0.4. For each group of curves (Na = 1,
Na = 2 and Na = Nr), the curves spanning from top to bottom correspond
to ρ = 0.2, 0.4, 0.6, 0.8 in both subplots. The MIB and DCMC capacity
results were evaluated from (29) and (30).
to ρ = 0.2, 0.4, 0.6, 0.8, while this trend is less obvious in
both of our GPSM schemes. For example, both A and B
in the right subplot of Fig 9 show that an obvious DCMC
capacity penalty may only be imposed for ρ = 0.8. This again
implies that our GPSM aided IWIPT system is less sensitive
to the power conversion-induced performance erosion in the
asymptotic regime.
V. CONCLUSIONS
A novel GPSM aided IWIPT system was proposed,
where both RA pattern-based information transfer as well
as waveform-based information transfer using conventional
PSK/QAM modulation were employed. The analytical SER
of the SD symbols and the BER of the overall GPSM scheme
were derived. Furthermore, the MIB vs energy trade-off and
the DCMC capacity vs energy trade-offs were discussed. Both
the analytical and simulation results demonstrate that the RA
pattern-based information transfer represented in the SD ex-
hibits a beneficial immunity to power conversion and improves
the overall RE trade-off, when the additional waveform-based
QPSK information transfer is also taken into account. This
conclusion holds true also both in the presence of inaccurate
CSIT and of antenna correlations, even for large-scale MIMO
settings. Hence, our proposed GPSM aided IWIPT system may
be viewed as an instantiation of joint information and energy
transfer in the spirit of Varshney’s seminal concept .
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